Molecular keypad lock devices have considerable advantages over simple molecular logic gates because the output signals not only depend on the proper combination of inputs but also on the sequence of the input signals. Especially, keeping in view the role played by transition metal ions, anions and electronic devices in day to day life, the development of applications in electronic devices upon chemical inputs of these cations or anions in a sequential manner is very important. Previously, we designed a 2, 2 -dihydroxyazobenzene (DHAB)-based model of a keypad lock system depending on the inputs sequence of Zn(II) cations and H 2 PO 4 − anions. In the present work, we studied the properties of 2-((E)-(2-((E)-3-bromoallyloxy)phenyl)diazenyl)phenol, compound 1, toward anions in the absence and presence of Cu(II) cations, in order to further explore the potential applications of DHAB-based sensing systems. We demonstrated that the application of compound 1 with the inputs of Cu(II) cations and H 2 PO 4 − anions could be realized as a molecular keypad lock which could be of future interest in molecular computing.
INTRODUCTION
The design and construction of molecular systems that respond to chemical and/or photonic inputs, in accordance with logic-gate behavior, has attracted considerable attention. [1] [2] Since the first explicit correlation of Boolean logic with molecules synthesized by de Silva et al., 1 numerous molecules capable of basic and combinatorial logic functions, including AND, [3] [4] [5] OR, 3 NAND, 6 INHIBIT, 7 NOR, 8 XOR, 9 and XNOR, 9 digital adder, [10] [11] comparator, 12 and multiplexer, 13 have been presented in the literature. More recently, a molecular keypad lock, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] one of the most important achievements in this field of electronic logic device, was successfully demonstrated. The development of such a molecular scale keypad lock as a data security device is a particularly attractive research goal as it represents a new approach for protecting information at the molecular scale. 26 The most important feature of the keypad lock system is the dependence of the output signal not only on the proper combination of inputs but also on the sequence of the input signals. Thus, these molecular keypad lock devices are capable of * Author to whom correspondence should be addressed. distinguishing between different chemical sequences and might have considerable advantages over simple molecular logic gates. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Especially, keeping in view the role played by transition metal cations, anions and electronic devices in day to day life, the development of applications in electronic devices upon chemical inputs of these cations or anions in a sequential manner is very important. 27 2, 2 -dihydroxyazobenzene (DHAB) is a well known coordination compound with metal cations. 28 29 However, DHAB-based systems containing metal cations 30 and anions 25 are still rarely studied. Recently, we designed a DHAB-based model of a keypad lock system depending on the inputs sequence of Zn(II) cations and H 2 PO 4 − anions. 25 2-((E)-(2-((E)-3-bromoallyloxy)phenyl)-diazenyl)phenol, compound 1, as a derivative of DHAB, with the pK a of 11.38, was synthesized by a substitution reaction. 30 In the present work, we studied the properties of compound 1 toward anions in the absence and presence of Cu(II) cations, in order to further explore the potential applications of DHAB-based sensing systems. 31 We demonstrated that the application of compound 1 with the inputs of Cu(II) cations and H 2 PO 4 − anions could be realized as a molecular keypad lock which could be of future interest in molecular computing. 36 Compound 1 has two tautomeric forms: the azo form and the hydrazone form (see Fig. 1 ). 30 As indicated in Figure 2 (a), the band at approximately 322 nm was assigned to the - * transition of the azo form and the band at approximately 380 nm was assigned to the - * transition of the hydrazone form, where the two tautomeric forms are almost identical. After adding 10.0 equiv. of CN − anions to the solution of 1, the typical absorption peak for 1 at both 322 nm and 380 nm decreased, the absorption intensity increased in the range of 430 nm and 500 nm due to the formation of complex between 1 and CN − anions. After adding 10.0 equiv. of CO 3 2− anions, the peak for the azo form of 1 at 322 nm decreased, the peak for the hydrazone form of 1 at approximately 380 nm disappeared, while a broad new absorption peak appeared in the range of 430 nm and 500 nm due to the formation of complex between 1 and CO 3 2− . At the same time, the original light yellow solution of 1 became dark yellow after adding CN − or CO 3 2− anions as shown in Figure 2 (b). Minimal or no changes were observed after adding the other investigated anions (Fig. 2) . Compound 1 can interact with CN − or CO 3 2− anions, and CO 3 2− anions can induce greater changes in the absorption spectra of 1 than CN − anions, however, it is still difficult to distinguish these
two anions by using 1. Thus, the selectivity of 1 toward specific anions, such as CN − or CO 3 2− , cannot be realized.
Detection of CN − Using Compound 1
The detailed titration of CN − anions to the solution of compound 1 was shown in Figure 3 cannot induce any changes in the absorption spectra of 1 which may be due to the high pK a of 11.38 making the difficulty in the deprotonation of 1. 30 Thus, 1 itself has weak selectivity and sensitivity toward anions, such as CN − anions.
Detection of CN − Anions by Compound 1 in the Presence of Cu(II) Cations
Copper complexes have been developed as a new class for the detection of cyanide, 37 considering that cyanide could form very stable complex with copper ions. 38 We have recently demonstrated that the DHAB-Cu(II) complex can be used for sensing of CN − anions, however, the detection limit of CN − anions in the system of DHAB-Cu(II) was above 3 0 × 10 −4 M, 37 which can not meet the World Health Organization (WHO) standard of 1 9 × 10 −6 M. 40 Herein, we expect that the sensing ability of 1 toward ) and its ligand (compound 1). 37 38 As shown in Figure 3(b) , the detailed titration of CN − anions to the solution of 1 in the presence of 1.0 equiv of Cu(II) was investigated. The complex 1-Cu(II) has two absorption peak at approximately 340 nm and at approximately 500 nm. 30 Upon titration of CN − anions under the concentration 0 − 4 0 × 10 −4 M (Fig. 3(b) ), the peak at approximately 500 nm, corresponding to the formation of complex between 1 and Cu(II), 30 gradually disappeared, the peak at 380 nm, corresponding to the hydrazone form of 1, that had disappeared upon addition of Cu(II) cations, recovered, while the azo form of 1, that had red-shifted upon interaction with Cu(II) cations, blue shifted and recovered from 340 nm to the original 322 nm (Fig. 2(a) ). Compared to the CN − anions of 4 0 × 10 −4 M, when the concentration of CN − anions was 8 0 × 10 −4 M, the absorbance at both 322 nm and 380 nm decreased, and the absorbance increased in the range of 430 nm and 500 nm. In the first step, upon titration of CN − anions under the concentration of 0-4 0 × 10 −4 M (Fig. 3(b) ), the 1-Cu(II) complex was decomposed and 1 was released, which was ascribed to the formation of inorganic complex between Cu(II) cations and CN − anions because of the large stability constants (K ass ) between copper ions and cyanide anions ([Cu (CN) 2 ] − , K = 1 00 × 10 24 ; [Cu(CN) 4 ] 3− , K = 2 00 × 10 30 ). [37] [38] As there was interaction between 1 and CN − anions (Figs. 2 and 3(a) ), then in the second step, after the decomposing of the 1-Cu(II) complex by CN − anions, the released compound 1 can interact with the further added CN − anions again and the weak sensing activity of 1 toward CN − anions will be repeated ( Fig. 3(a) ). Thus, the experimental results indicated that 1-Cu(II) complex can effectively detect CN − anions under the concentration of 0 − 4 0 × 10 −4 M (Fig. 3(b) ). The plot (Fig. 3(c 
), left) with 1/ A − A 0 versus [G]
−1 showed a good linear relationship with R 2 = 0 997 based on the absorption spectra (Fig. 3(b) ), which supported the 1:1 binding model between 1-Cu(II) complex and CN − anions. [40] [41] While the plot with 1/ A − A 0 versus [G] −1 (Fig. 3(c) , right) show a poor linear relationship with R 2 = 0 944, thus, the 1:1 binding model between 1-Cu(II) complex and CN − anions was further confirmed. The association constant (K ass ) between 1-Cu(II) complex and CN − anions was established to be 4 7 × 10 4 M −1 which was obtained from the ratio of the y-intercept to the slope of the plot in Figure 3(c) 
Selectivity of Anions Using Compound 1 in the Presence of Cu(II) Cations
In addition to sensitivity, selectivity is an important criterion for the success of a probe. The influence of other common anions was investigated (Fig. 4) to evaluate whether the 1-Cu(II) system is selective toward cyanide anions. As shown in Figure 4( anions can induce the changes in the absorption spectra ( Fig. 4(b) ). However, the typical absorption peak of the complex at approximately 500 nm disappeared only after adding 100 equiv. of H 2 PO 4 − or CN − anions. Detailed titration of H 2 PO 4 − anions to the 1-Cu(II) solution was shown in Figure 4 The 1-Cu(II) system showed good sensitivity toward CN − anions ( Fig. 3(b) ), however, the sensing of CN − anions was not stable in the coexistence of the other investigated anions. Thus, 1-Cu(II) complex was not a good chemosensor for anions which was attributed to the weak selectivity, such as CN − anions, or weak sensitivity, such as H 2 PO 4 − anion.
A Molecular Keypad Lock
Recently, there has been a lot of interest in the development of materials that can protect information at the molecular level. However, only a few reports exist on such systems that can function as security or memory devices. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Herein, we tested whether the absorbance of 1 was sequence dependent on the cations (Cu(II)) and anions (H 2 (Fig. 5(a) and left of Fig. 5(b) ) which was attributed to the larger stability constants (K ass ) between copper ions and cyanide anions than between compound 1 and copper ions (Fig. 3(b) ). For the second input sequence, the addition of the Cu(II) cations (Input 2) and CN − anions (Input 1) (sequence 2) to the solution of 1 led to the output digit of '0' (Fig. 5(a) and right of Fig. 5(b) ) which was attributed to the weak interaction between compound 1 and cyanide anions (Fig. 3(a) ) and the large stability constants (K ass ) between copper ions and cyanide anions (Fig. 3(b) ). Thus, the absorbance of 1 at 500 nm was not dependent on the sequence of the added Cu(II) cations and CN − anions (Fig. 5(b) ). The effect of Cu(II) cations and H 2 PO 4 − anions on the absorbance of compound 1 was shown in Figures 5(a)  and 6(a) . For the first input sequence, the addition of the Cu(II) cations (Input 1) and H 2 PO 4 − anions (Input 2) (sequence 1) to the solution of 1 led to the output digit of '1' (Fig. 5(a) and left of Fig. 6(a) ) as 4 0 × 10
Delivered by
− anions cannot affect the complex between 1 and Cu(II) cations (Fig. 4(c) ). However, changing the sequence of the addition of the Cu(II) cations (Input 2) and H 2 PO 4 − anions (Input 1) (sequence 2) provide an output digit of '0' (Fig. 5(a) and right of Fig. 6(a) ). Presumably excess H 2 PO 4 − anions (Input 1) preferentially complexed Cu(II) cations, thereby restricting the coordination of Cu(II) cations to 1, while there is no interaction between 1 and H 2 PO 4 − anions (Fig. 2) . Thus, the absorbance of 1 at 500 nm was dependent on the sequence of the added Cu(II) cations and H 2 PO 4 − anions (Fig. 6(a) ). The output value in the previous string was memorized and maintained when both Cu(II) cations and H 2 PO 4 − anions were inputed.
To visualize the sequence dependent phenomenon directly, this sequential logic operation with a memory function was demonstrated in Figure 6 (b). In Figure 6 (b), the inputs of Cu(II) cations (2 8 × 10 −5 M) and H 2 PO 4 − anions (4 0 × 10 −4 M) were designated as the character "H" and "C," respectively. When the input signal "H" was added first, strong absorbance signal, represented as the character "S" ("ON" state), was observed as a result of memorizing the input sequence. This combination of inputs provided the password "HCS." Inverting the addition sequence of Cu(II) cations and H 2 PO 4 − anions led to low absorbance signal, designated as the character "A" ("OFF" state), this input sequence provided the word "CHA." Therefore, different input sequences produced different character strings, and correspondingly, the molecular keypad lock function was realized by using Cu(II) cations and H 2 PO 4 − anions as inputs. (Fig. 6(b) ).
CONCLUSIONS
In conclusion, we report a "new" molecular keypad lock based on the DHAB-derivative, compound 1. 
